Abstract-The two-phase closed loop thermosyphon is investigated with emphasis on the overall performance in transient operation. The control volume approach is the base of a global analysis describing the motion of vapor and liquid phases of the the~osyphon system in one-dimensional equations. Interfacial shear forces are neglected as only co-current flows are present. Heat transfer coefficients are based on empirical correlations. It is found that the density ratio vapor-liquid, dimensionless friction coefficient and water column length determine respectively the overall dynamic behavior characteristics such as response time, damping and oscillation frequency.
heated and cooled sections, heat flux and operating temperature. Thermosyphons are found in many applications : gas turbine-blade cooling [l] , thermal stabiii~tion
[2], air-to-air or gas-to-gas heat exchangers [3] , prevention of icing on a buoy [4] , utilization of hot water [5] and for recovering waste heat in industrial fields [6] .
In recent years, many studies have been carried out on the heat transfer in different types of thermosyphons. Research on punter-current two-phase closed the~osyphons was first performed by Cohen and Bayley [l] in 1955, followed by, among others, Strel'tsov [7] and more recently by Dobran [S] and Reed [9] . Torodial thermosyphons were investigated by Hart [lo] and Sen et al. In industrial applications, there is a preference for co-current two-phase thermosyphons because of: (1) their capability of transporting large heat quantities at very small temperature differences, (2) less liquidvapor interaction and (3) no limitations like dry-out phenomena. Early models of co-current two-phase t Present address : Shell Pernis, P.O. Box 7000 3000 HA, Rotterdam, The Netherlands.
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thermosyphons by Hughmark [14] and Flair [15] were not based on first principles. Research on two-phase co-current thermosyphons concerning heat transfer coefficients was conducted by Hallinan and Viskanta 1161. McDonald et al. [17-201 studied the thermal conductance of a two-phase ~e~osyphon in steadystate operation. Leidenfrost and Modrei [21] investigated, experimentally, heat transfer and flow conditions in the two-phase co-current thermosyphon.
In this paper, a model is presented which describes the transient operation of a co-current two-phase the~osyphon.
A control volume approach, also used by Dobran [8] and Reed [9] , is applied. The working liquid is water. The transient behavior of the thermosyphon will be investigated at three different operating temperatures. The thermosyphon is analyzed with emphasis on the dynamic behavior of evaporator and condenser tem~rature, water and vapor mass fluxes in transient operation.
Three dynamic system characteristics have been investigated : damping, free oscillation period and response time.
Furthermore, a practical case is simulated. This practical case was derived from the application of a two-phase thermosyphon for the batchwise heating of vegetable oil. In a batch process trays of cold oil are heated by the condenser of a thermosyphon to a specified temperature. In this process the evaporator temperature is controlled by switching the heat source (a boiler) on/off. Due to this batchwise heating and the unsteady heat source the the~osyphon is operated under essentially unsteady conditions and the dynamics of temperatures and mass fluxes become important for efficient and reliable operation, Problems that may occur are, for example, large transient water fluxes or water flow reversal. These phenomena may damage 
the thermosyphon or cause it to malfunction. Therefore it is important to simulate these situations and to investigate how to avoid them.
PHYSICAL MODEL
Although there are different types of closed loop thermosyphons. a general layout is depicted schematically in Figs. I (a) and (b). Liquid and vapor arc transported through a system of pipes ( Fig. I (a) ). In the condenser, the vapor flow is divided over several heal coils. The evaporator consists of an assembty of vertical pipes ( Fig. 1 (b) ). As the total cross-section of the evaporator is larger than that of the condenser, a small change of water elevation in the evaporator causes a large change of water clcvation in the condcnsor. Common industrial conditions arc high operating temperatures, up to 28O"C, water as working liquid, power supply of 1-2 MW and a liquid filling of 0.3 I m'. The evaporator pipes are flooded to prevent local overheating. The heat source is a boiler, the heat sink a tray of liquid, for example vegetable oil. The oil is heated to a certain temperature and then removed. The boiler shuts off: a new batch of oil enters the tray and the boiler is set on firing again. Temperature differcnccs over the vapor pipe and the condensate pipe are caused by heat tosses. As thermosqphons are we11 insulated and heat losses are small, the system can be described by two characteristic temperatures, namely the evaporator and condenser tcmperatures. This was verified by temperature measure- Vv,e i
The condenser region is governed by equations (4) In the present study, the thermosyphon is divided 2m $ [p,,(I,, -0.51&i] = 2nrlcpvcvvc,i -2rrr6p,,vl,. into two control volumes (see 
[231.
The evaporator region is governed by equations and that of the vapor phase, neglecting the static vapor phases are, respectively :
The batch of oil is assumed to be insulated, hence the If the temperatures of the liquid and vapor flow are identical, the energy exchange with the ambient heat transport from condenser to oil is described by :
should equal the energy for phase change. Therefore, a system temperature is defined, equal to the mean temperature of evaporator and condenser section :
T, = OS(T,+
TJ. As the vapor is assumed to be satuThe volume balances express that the volumes of rated, the two separate phase energy balances can be evaporator and condenser sections remain constant :
replaced by one total energy balance : 1,, + I,, = L, and I,, + I,, = L,.
(11 a, b)
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The liquid film has uniform thickness. The rate of growth of liquid film thickness is determined by the balance of the mass rate of condensing vapor and the mass rate of flowing liquid : 
INITIAL CONDITIONS
Our goal is to analyze the transient behavior of a two-phase thermosyphon.
The simulation of transient operation starts by perturbing a thermosyphon initially in equilibrium, i.e. in steady-state operation. Therefore the steady-state conditions have to be calculated because they are needed to serve as initial conditions for the simulation of transient operation.
In steady-state operation, all time derivatives vanish. Equations (I)-(10) simplify to algebraic equations and can be rewritten as follows. In the steadystate the two energy equations (7) and (8) become identical. This leaves us with one more unknown than we have equations.
As a consequence the system becomes indeterminate: one variable is free to be chosen as a parameter. As the temperature determines three variables, namely pressure, water and steam density, the evaporator section temperature is the selected parameter to determine the system. The remaining variables are solved numerically from the system of nonlinear algebraic equations.
This way the initial conditions necessary for the transient analysis arc obtained.
The dependence of the equilibrium values on process parameters, like for example the tube radius, will not be discussed here. 
TRANSIENT ANALYSIS
The transient behavior of the system after a perturbation of the system in steady-state operation is computed. The solution of the transient system starts with the integration of the differential equations (I)-(IO) with a time step of 0.01 s. using the conventional Euler method.
Then the other parameters in the algebraic equations are updated and the new values of the section temperatures of the next time step are determined.
This process is continued until the final time step is reached. The solution procedure is documented in detail elsewhere [22] .
The system response after a step in heat input is investigated.
A positive step in heat input causes a quick response in pressure drop over the steam pipe between evaporator and condenser sections. To compensate this, the water head in the condensate pipe should increase. The time delay between this increase and the step in heat input is larger via the steam side. because of heating delay in the condenser and the longer intermediate distance, than via the water side. Hence, the increase in water head is at first achieved by a decrease in returned condensate flow (to the evaporator).
From conservation of mass it follows that a small vapor-liquid density ratio corresponds to a large vapor-liquid velocity ratio. In equation (9) we see that at high vapor velocities. an increase in this velocity causes a large increase in pressure drop and. hence, a long time to re-establish steady-state conditions. This way it can be reasoned that the vapor liquid density ratio will determine the transient cvolution of the system.
Responses of the system are investigated by a rise in heat input of 30% in At = 0.S s. under the initial operating conditions : evaporator temperature T = 90 C with heat input Q = 0.2 MW, and T = 170' c'. T=250'CwithQ= 1 MW.
The calculations described below were performed with model dimensions given in Table I .
The time response of the system is analyzed from the time response of the evaporator vapor flow and the Table 1 evaporator water flow. Figure 3 shows the evaporator vapor flow response (normalized by the final value) for three evaporator temperatures : 90°C 170°C and 250°C. The normalized heat input as a function of time is also shown. We see that the higher the evaporator temperature, the faster the vapor flow response will be. In Fig. 4 the time response of the evaporator water flow is shown for two operating temperatures : 250°C and 170°C. As with the vapor flow the time response of the water flow is much faster at 250°C than at 170°C. To show that this is actually due to an increased vapor-liquid density ratio, a third simulation is shown (marked 170~). This was performed at an operating temperature of 170°C but with an arti- ficial five times larger vapor-liquid density ratio. We see that the curves of 250°C and 170~ are almost identical. Thus we can conclude that the larger the vapor-liquid density ratio of the system's fluid (for example, due to high operating temperatures), the faster the system will respond. As found in countercurrent thermosyphons [9] , the responses in closed loop thermosyphons are lead by vapor flow.
Damping
Analyzing the system of equations (l)- (12), it is seen that the momentum equations (8) and (9) are sensitive to input changes. Flow variations have to be damped by friction. As the value of the energy dissipation term (fplr,/d)0.5~p~~ in the vapor momentum equation (9) is large compared to the term in the water momentum equation (8), the condensate flow is much more sensitive to changes in operating conditions than the vapor flow. The oscillation of the condensate flow induces oscillations in other variables such as the water head.
In Fig. 5 the responses of the evaporator water flow on a temporary rise in heat input of 20% at evaporator temperature T = 170°C and heat input Q = 1 MW during At = 0.5 s are shown for three different water friction factors. To show the responses separately, one response (f; = 0.09) is moved a Ay = 0.03 kg s-' upwards and one response (f; = 0.015) to a Ay = 0.03 kg s-' downwards. We see that at the low friction factor f; = 0.015 the evaporator water flow can make many oscillations after a perturbation. Increasing the friction factor to 0.03, the number of oscillations is decreased. For J = 0.09, an optimally damped situation is created. This value is, however, too high to be achieved by surface roughness but the pressure drop can also be obtained by obstructing the water flow through a certain part of the condensate piping. 
FIG. 5. Evaporator water flow responses at three different
water friction coefficients.
Period of',fiee oscillation
The dynamics of the water flow in the thermosyphon system show some analogy with a water-filled open U-tube. The period of free oscillation of a watctcolumn with length I, oscillating under gravitational acceleration ,q in an open U-tube with equal prcssul-c at both legs is [23] oscillation period = 2nV/(L/2g).
It is hard to calculate analytically the free oscillation period of the water flow in a thcrmosyphon from equations (I)- ( 13) . For this reason the free oscillation period of the water flow of a closed loop thcrmosyphon is deduced from the simulated time response after a stepwise perturbation.
As we want to read the oscillation period from the time response the damping has to be set low. Therefore we set the cncrgy dissipation in the condensate pipe to zero by putting the water friction cocfl?cient equal to zero. The vapor friction coefficient is made small but cannot be set to zero as this would also set the pressure difference between the boiler and condenser section to XIV. Hence there still remains a small amount of energy dissipation and the pressures in both sections arc not identical. It is clear that the system cannol exactly be compared with the U-tube system. However. it is expected that an equation analogous to (13a) determines the free oscillation period of the thermosyphon system. Hence
in which F is a lumped coefficient. Three practical cases are simulated to d&ermine the effect of time delay between a change in heat input and heat output, namely via boiler start up and drop in temperature of the heat sinl\. probidcd bq the batch of oil. Figure '? shows the temperatures of the evaporator section in each case and the oil temperature.
In all cases the boiler heat input is set to zero at I = I nm. The two-phase closed loop thermosyphon 1425 to 1 MW in 2 min. The time of boiler start up is varied for three different times : f = 2, t = 4 and t = 6 min.
In Fig. 7 we see that an increase in time delay of boiler start up shifts the evaporator water temperature curve to the right, to longer times. The nature of the temperature response is, however, unchang~, and so is the slope of the temperature curve after t = 8 min. It is interesting that at the time delays used here there is no visible effect on the oil temperature response (lowest curve). Apparently the boiler start up delay cannot be chosen on the grounds of an optimal oil tem~rature response.
In Fig. 8 evaporator water flows calculated for the three different time delays of boiler start up are shown. For a delay of 2 min ('t = 2') steady-state conditions are re-established quickly but a high peak in water velocity is also observed. In the case t = 4 min ('t = 4') there is less overshoot but we have a much larger time response of the flow. A boiler start up delay of 6 min ('t = 6') might give problems. As the water flow is almost decreased to zero, there is no water head left in the condensate pipe. In this situation there is the risk of water flow reversal, resulting in water flow from evaporator to condenser. In fact the system has then changed to operate like a mounter-current therrnosyphon. Although the actual impact cannot be assessed exactly it is preferred to avoid this condition.
CONCLUSIONS
A model based on first principles has been developed for a two-phase co-current thermosyphon. The transient behavior of the system after a perturbation in steady-state operation is investigated. Density ratio vapor-liquid, dimensionless friction coefficient and water column length determine dynamic system characteristics such as response time, damping and oscillation frequency, respectively. Response time decreases with increasing vapor-liquid ratio. Relevant evaporator water flow (kg/s) I for the damping of the thermosyphon is that the pressure drop in the condensate flow is sufficiently high. The period of free oscillation is proportional to the square root of the liquid column length and equal to the period of oscillation of a liquid-filled open U-tube times a coefficient. The coefficient is in the range l-1.4 and depends on the operating temperature. The results on the period of free oscillation are confirmed by experiments carried out earlier by Leidenfrost and Modrei [21] . In the case of the application of a thermosyphon for the batchwise heating of trays of oil, it follows that there exists an optimal boiler start up delay. If the delay is too small the water flow reaches high peak values. A long time delay may result in unstable flow situations. The control volume approach provides a powerful tool to describe the overall performance of the the~osyphon with a limited number of variables. The predictive capacity of the model can be enhanced by improved representations of the two-phase flow in the evaporator region and the heat transfer in the condenser.
